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ABSTRACT

This paper presents theresults of astudy designedto quan-
tify the performance of water heaters insulated with polyure-
thane foams wusing three different blowing agents—
hydrochlorofluorocarbon R-141b, H,0/CO,, and hydrofiuo-
rocarbon R-245fa. The thermal conductivity of the foam was
measured, as a function of mean temperature, using a guarded
hot plate apparatus. Electric residential water heaters, insu-
lated with the three polyurethane foams, were tested to deter-
mine the influence of the blowing agent on the water heater s
energy factor and overall heat loss area coefficient. A rela-
tionship between the overall heat loss area coefficient and
energy factor was developed and compared to experimental
results. An infrared imaging system revealed that areas
surrounding the heating element access covers, the lower
circumference of the water heater, and piping penetrations
were significantly higher in temperature than the exterior
surface of the water heater.

INTRODUCTION

In the 1970s, polyurethane foam began replacing glass
fiber in residential water heaters. Due to its lower thermal
conductivity (compared to glass fiber), manufacturers were
able to improve the energy efficiency of water heaters with-
out increasing the exterior dimensions. Additionally, foam
insulation provided structural benefits and simplified the
manufacturing process. For many years, the blowing agent
used to produce the polyurethane foam insulation for water
heater applications was the fully halogenated chlorofluoro-
carbon R-11.

The discovery that continued use of chlorofluorocarbons
would have a severe impact on the ozone layer resulted in the
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enactment of the 1987 Montreal Protocol. The Montreal
Protocol stipulated that fully halogenated chlorofluorocarbon
products, used as blowing agents in the manufacture of poly-
urethane foams, could not be produced after January 1, 1996.
Consequently, an alternative blowing agent, hydrochloroflu-
orocarbon R-141b became accepted for the manufacture of
water heaters. Compared to an ozone depletion potential of 1.0
for R-11, the ozone depletion potential of 0.1 associated with
R-141b was a significant improvement.

The blowing agent R-141b is considered a transitional
blowing agent in the United States and will be phased out on
January 1, 2003. The search for blowing agents with zero
ozone depleting potential has lead to a number of candidates
including hydrofluorocarbon R-245fa as a blowing agent
and the addition of water to the foam formulation. The addi-
tion of water reacts with isocyanate, forming CO,. In this
paper the use of water to produce CO, as the blowing agent
will be denoted as H,O/CO,. In the United States it appears
that R-245fa has emerged as a leading candidate to replace
R-141b in the appliance industry (Albouy et al. 1997; Logs-
don et al. 1997). However, delays in the decision to build a
manufacturing plant to produce R-245fa may force the
water heater industry to use H,0/CO, as the blowing agent.

In addition to environmental considerations, the selection
of a blowing agent to replace R-141b must also consider the
thermal performance of the polyurethane foam. Residential
water heaters sold within the United States must meet the
current and future energy efficiency standards as specified by
the Department of Energy (CFR 1998).

This paper presents the results of a study that explored the
impact of two proposed blowing agents on the performance of
residential water heaters. The study includes a comparison of
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the polyurethane foam’s thermal conductivity resulting from
the use of blowing agents R-141b, R-245fa, and H,0/CO,.
Three sets of four water heaters were manufactured using each
of the three blowing agents. The water heaters were tested to
determine their overall thermal integrity and thermal effi-
ciency. The results of this study should help water heater
manufacturers select an appropriate blowing agent.

TEST SPECIMEN DESCRIPTION

Commercially available electric residential water heaters
were selected for this study. The water heaters have a nomi-
nal capacity of 189 L (50 gal) and contain two electrically
interlocked 4500-watt heating elements. Normal production
units contain approximately 51 mm (2.0 in.) of polyurethane
foam between the side and top of the storage tank and the
exterior metal jacket. Glass-fiber insulation, approximately
25 mm (1 in.) thick, is positioned between the storage tank’s
bottom and exterior metal jacket. Twelve of these units, with-
out the polyurethane foam, were manufactured and
forwarded to a polyurethane foam supplier.

The polyurethane foam supplier subsequently insulated
four water heaters and produced three sets of foam block

specimens, with each set blown with one agent, R-141b,

H,0/CO,, and R-245fa. The foam block specimens’ size,
660 mm x 660 mm x 66 mm (26 in. x 26 in. x 2.6 in.), was
chosen to be compatible with the guarded hot plate apparatus.
Each polyurethane foam’s formulation and production date
are documented in Table 1. Production dates were selected
such that the elapsed time between the date of manufacture
and testing were approximately equal, 28 days, for each foam
formulation.

EXPERIMENTAL APPARATUS

One-Meter Guarded Hot Plate

The thermal conductivity of the foam specimens was
measured using a one-meter guarded hot-plate (Powell and
Rennex 1983; Zarr and Hahn 1995), as shown in Figure 1. The
apparatus has been used to develop standard reference mate-
rials that permit industry, academia, and government labora-
tories to calibrate their “in-house” instrumentation and
provide traceability to national and international standards.
The main components of the apparatus are a gnarded hot-plate
and two isothermal cold surface plates (Figure 2). The guarded
hot-plate includes a metering section used to measure the heat
flow into the test specimens and a guard section to minimize
heat flow from the metering section in the radial direction.
Guarding at the edges of the specimens is provided by an envi-
ronmental chamber maintained at the mean temperature of the
hot and cold plates. For this study, the apparatus was operated
in the double-sided mode of operation; that is, two specimens
produced with each of the three blowing agents are positioned
between the hot plate and cold plates. The thermal conductiv-
ity measurement represents the average of the two specimens.

TABLE 1
Polyurethane Foam Formulations

Blowing Agent HCFC-141b| H,0/CO, |HFC-245fa
Isocyanate blend “A” 1 1 1
parts by weight
Polyol blend “B” 1 0.65 0.81
parts by weight
Blowing agent 228 5.9 243
percentage (%)
Polyol temperature, 26.7(30) | 23.9(75) | 228(73)
OC (OF)
Isocyanate temperature, 26.7 (80) 23.9(75) | 22.8(73)
°C (oF)
Cream time, s (s) 5 7 —
Gel time, s (s) 46 53 49
Tack free time, s (s) 102 150 69
Free rise density, 23.68 (1.48) | 24.0 (1.50) | 23.4(1.46)
kg/m® (Ib/ft%)
Molded density, 32.00 (2.00) [ 32.5(2.03) | 32.3(2.02)
kg/m® (Ib/ft)
Production date 4/21/98 - 6/2/98 7/8/98

Residential Water Heater Test Facility

A laboratory (Fanney 1990; Fanney and Dougherty
1996), dedicated to the evaluation of residential water heaters,
was used to measure each water heater’s energy factor and
overall heat loss area coefficient (Figure 3). The water heater
under evaluation is placed on a platform with piping connec-
tions in accordance with the Department of Energy’s (DOE)
Test Procedures for Residential Water Heaters (Federal
Register 1998). Thermocouples measure the water tempera-
ture entering and leaving the water heater, the temperature of
the water within the water heater at six specified locations, and
the surrounding ambient temperature. A weigh tank, posi-
tioned on a load cell, captures the water withdrawn from the
storage tank during each of the six hot water draws. A digital
power analyzer measures the energy consumed by the water
heater.

The output signals of the thermocouples, load cell, and
digital power analyzer are recorded using a computer-
controlled data acquisition system. Every 30 seconds, the
output signal of each transducer is measured, converted to
engineering units, and calibration corrections applied. The
results are displayed on the computer’s monitor and archived
to a floppy diskette. During the removal of heated water, the
output signals of inlet and outlet thermocouples and the load
cell are measured, converted to engineering units, corrected,
and recorded every three seconds.

The computer-controlled data acquisition system also
controls the opening and closing of two solenoid valves. Two
minutes prior to removal of heated water, a solenoid valve
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Figure 1 One-meter guarded hot plate.
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Figure 2 Schematic of one-meter guarded hot plate.

MN-00-15-1 (4400)

Figure 3 Residential water heater laboratory.




positioned at the discharge of the weigh tank is closed. Thirty
seconds prior to the removal of heated water, the load cell is
used to measure the tare weight of the weigh tank. At the
prescribed times, the discharge pipe’s solenoid valve is
opened and the draw commences. The draw continues until
the output signal of the load cell indicates that the desired
quantity of heated water has been removed. The solenoid
valve on the discharge pipe is closed, a final measurement of
the load cell is made, and the weigh-tank solenoid valve is
opened to release the captured water.

The apparatus used to measure the overall heat loss area
coefficient is similar to that used to measure the energy factor.
Unlike the energy factor apparatus, however, the weigh tank,
load cell, and associated solenoid valves are not present. Every
10 minutes, the computer interrogates the digital power
analyzer and data acquisition system to update the quantity of
energy consumed by the water heater and measure the output
signals of the six thermocouples within the storage tank and
the ambient thermocouple. The output signals are subse-
quently converted fo engineering units, corrected in accor-
dance with calibration data, displayed on the computer’s
monitor, and archived to a floppy diskette.

A water-conditioning loop provides supply water at the
prescribed temperature during tests to measure the water
heater’s energy factor. The water-conditioning loop consists
of three 303 L (80 gal) storage tanks connected in series, an
external chilled water-to-water heat exchanger, immersion
heaters within the storage tanks, pumps, and an electronic
temperature controller. The pumps are used, in conjunction
with a fluid loop, to continuously circulate conditioned water
past a pipe that supplies water to the water heater. The water
conditioning loop allows the inlet water temperature to be
varied from approximately 5°C (41°F) to 60°C (140°F). During
this study, the inlet fluid conditioning loop supplied water at
approximately 14.4°C (58°F) in accordance with DOE’s Test
Procedure for Residential Water Heaters (Federal Register
1998).

An infrared thermography system was used to determine
if there were any voids in the water heater’s insulation system.
An image of the water heater’s surface temperature identified
any voids in the insulation between the storage tank and the
outer metal jacket. It also identified areas of heat loss resulting
from piping penetrations through the water heater’s outer
jacket or other high thermal conductance paths.

TEST PROCEDURES AND CONDITIONS

Thermal Conductivity Measurements

Measurements of thermal conductivity' of the foam spec-
imens were determined in accordance with ASTM Test
Method C 177 (ASTM 1997). With proper guarding in the
lateral direction, the guarded hot plate is designed to provide
one-dimensional heat flow () through the specimen pair.
Under steady-state conditions, the thermal conductivity of the
specimen pair was determined using Equation 1.

L
n= 2L )

where
A = thermal conductivity, W/m °C (Btu - in./h - ft2.°F)
o = rate of heat flow through the meter area of the

specimens, W (Btuwh)
A = meter area normal to direction of heat flow, i’ (ft)
AT = T, — T, temperature difference across specimens,

OC (DF)
7, = hot plate temperature, °C (°F)
T, = cold plate temperature, °C (°F)
L = thickness of specimens measured in situ, m (in.)

Each pair of specimens was measured as received (i.e., no
surface preparation was required). The hot and cold plate
temperatures were selected to subject the foam specimens to
temperature levels that would simulate a residential water
heater application. The cold plates for all tests were main-
tained near the ambient temperature specified by the DOE’s
Test Procedures for Residential Water Heaters (Federal
Register 1998), 19.7°C (67.5°F). The hot plate was main-
tained at nominal temperatures of 51.7°C (125°F), 57.2°C
(135°F), and 62.8°C (145°F) for tests 1, 2, and 3, respectively.
The hot plate temperatures were selected in an attempt to
bracket the temperature range that the warm side of the insu-
lation would be subjected to in a water heater application with
thermostats set at 57.2°C (135°F) (Federal Register 1998).
The tests were conducted once at each temperature, generally
in one to two days. During testing, dry air was continuously
injected into the environmental chamber maintaining the rela-
tive humidity at 15% or less.

Bulk Density Measurements

The bulk densities (p) of the foam specimens were deter-
mined by dividing the mass of the specimen by its volume (V),
or

p=7 )
where
p = specimen density, kg/m® (Ib/ft);
m = specimen mass, kg (Ib);
14 = specimen volume, m® (ft*).

The mass was obtained by using a precision balance
having a sensitivity of 0.1 g. The dimensions of the specimens
were measured using a steel rule having a resolution 0f 0.5 mm

! The thermal transmission properties of heat insulators determined

from standard test methods typically include several mechanisms
of heat transfer, including conduction, radiation, and possibly
convection. For that reason, some experimentalists will include
the adjective “apparent” when describing thermal conductivity of
thermal insulation. However, for brevity, the term thermal
conductivity will be used in this paper.
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(0.02 in.). The thickness of the specimen was averaged from
five measurements taken on a granite flat table with a preci-
sion caliper, 0.1 mm (0.004 in.) resolution.

Energy Factor Measurements

The energy factors for each water heater were measured
using the DOE’s Test Procedures for Residential Water Heat-
ers (Federal Register 1998). During the 24-hour test period, a
total of 243.4 L (64.3 gal) are removed from the water as a
result of six equal draws, The draws take place at one-hour
intervals during the first six hours of the test. Upon completion
of the sixth draw, the water heater remains in a standby mode
until 24 hours have elapsed.

The thermal efficiency of a water heater can be expressed

as
Ohw
Ny = —‘g—; 3)
s store
an n ,
where
Qs = quantity of energy removed from the water heater,
MJ (Btu),

Oin = total electrical energy consumption, MJ (Btu),
O..oreq = Change in the water heater’s stored energy, MJ (Btu),
M, = 0.98, the assumed recovery efficiency for electric

water heaters (Federal Register 1998).

The Q,, term in Equation 3 may be expanded such that
thermal efficiency is expressed as

Qhw

My = @
h Qhw + Ql + Qsmred
nr
where
0, = heat loss from the water to the surrounding ambient,

MJ (Btu).

Energy factor is defined the same as thermal efficiency
except that the quantities @y, and O, in Equation 4 are
adjusted to a nominal set of test conditions (Federal Register
1998). Table 2 presents the nominal test conditions and
permissible test condition ranges specified in the DOE water
heater test procedure.

Overall Heat Loss Area Coefficient Measurements

The overall heat loss area coefficient is determined by
performing an energy balance on the water heater yielding

Qin = Ql + Qhw + Qstored' (5)

During tests to measure the overall heat loss area coeffi-
cient, no water is removed from the tank. The test is terminated
when the storage tank temperature is equal to the initial stor-
age tank temperature. Thus, Equation 5 reduces to

Qin = Ql’ (6)
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TABLE 2
Water Heater Test Conditions
Test Condition Nominal Value |Permissible Variation
Daily hot water 2434L +3.8 1L
removal (64.3 gal) (=1 gal)
Draw flow rate 11.4 L/min +1.0 L/min
(3.0 gal/min) (£0.25 gal/min)
Storage tank 57.2°C +2.8°C
temperature (135.0°F) (£5.0°F)
Supply water 14.4°C *1.1°C
temperature (58°F) (£2.0°F)
Ambient temperature 19.7°C +0.6°C
(67.5°F) (*2.5°F)
which may be expressed as
I;Pmdt = LUA(T,— T,)dv )
or
J) P, dt
UA = ————— 8
f (T,-T,)dx
0
where
UA = overall heat-loss-area coefficient, W/°C (Btu/°F-h);
P, = power supplied to the storage tank, W (Btwh);
7, = average storage tank temperature, °C (°F);
T, = ambient temperature surrounding the water heater,
°C (°F);
T = test duration, (h).

The heating elements within the storage tank were ener-
gized approximately 24 hours before the test was started. This
ensured that the storage tank and water were in thermal equi-
librium. Each test was conducted for five to seven days during
which measurements were made every 10 minutes.

RESULTS

Measurements of Thermal Conductivity

Table 3 summarizes the test conditions and measured
thermal conductivity for the polyurethane foam block speci-
mens produced using the three blowing agents, R-141b,
H,0/CO,, and R-245fa. As previously noted, the one-meter
guarded hot plate apparatus was operated in the double-sided
mode of operation. Thus, the thermal conductivity measure-
ments represent the average of two specimens produced with
each blowing agent.

Column 2 in Table 3 is the average thickness of the top and
bottom specimens. The temperature, pressure, and relative
humidity of the ambient air surrounding the specimens during



TABLE 3
Thermal Conductivity Measurements of Polyurethane Foams

Lln'g T;l P [ RH TM AT A
mm in °C °F kPa in. Hg % °C °F °C °F w Btu - in
Test m-K h- ftzoF
Blowing Agent HCFC-141b—-FElapsed Time After Production: 27-29 days

1 65.36 2.575 | 28.80 83.80 99.50 | 2947 <10 28.80 | 83.80 18.10 | 32.60 | 0.0214 | 0.148

2 65.35 2.575 34.30 | 93.80 98.61 | 29.20 <10 3430 | 93.80 | 29.20 | 52.60 | 0.0221 | 0.153

3 65.34 2.572 3990 | 103.80 | 98.28 | 29.10 <10 39.90 | 103.80 | 4030 72.50 | 0.0229 | 0.159

Blowing Agent H,0/CO,—Elapsed Time After Production: 27-29 days

1 65.14 2.565 28.70 83.70 98.82 | 29.26 <10 28.80 83.80 18.10 32.60 | 0.0305 | 0.211

2 65.12 2.564 34.30 93.80 97.79 | 28.96 <10 34.30 93.80 29.20 52.60 | 0.0314 | 0.218

3 65.07 2.562 | 3990 | 103.80 | 9834 | 29.12 <10 3990 | 103.80 | 4030 | 72.50 | 0.0324 | 0.225

Blowing Agent HFC-245fa—Elapsed Time After Production: 26-29 days

1 65.65 2.585 | 28.70 83.70 99.63 | 29.50 <10 28.80 | 83.80 18.10 | 32.60 | 0.0207 | 0.144

2 65.64 | 2.584 | 3430 | 93.80 99.79 | 2955 | <10 3430 | 93.80 29.20 | 52.60 | 0.0214 | 0.149

3 65.62 2.583 3990 | 103.80 | 99.68 | 29.52 <10 3990 | 103.80 | 4030 | 72.50 | 0.0221 | 0.153
each test are tabulated in columns 3, 4, and 5 respectively. The 24
mean temperature of the specimen and the temperature differ-
ence between the hot and cold sides of the specimen are listed & 32 /{_.—""“"'ri "
in columns 6 and 7, respectively. The measured thermal E s | ‘ L
conductivity for each set of specimens is listed in column 8. 2 N

The measurement uncertainties for thermal conductivity 2 24 WGz —
were derived in accordance with current ISO guidelines o 26 e
(Taylor and Kuyatt 1994; ISO 1993) consistent with previous ’
results (Zarr 1997). The relative uncertainty (k= 1) for the esti- 24
mates of thermal conductivity was 1.5%. |

Thermal conductivity values are plotted in Figure 4 as a E 22 ;:Q”"”-
function of mean temperature. The conductivity of polyure- 2
thane foams produced using H,0/CO, as the blowing agent
was approximately 42% greater than the conductivity of g A as 0 e
foams produced using R-141b. The conductivity of polyure- Mean Temparature (°C)

thane foams produced using R-245fa was approximately 3%
lower than the conductivity of the polyurethane foams using
the R-141b blowing agent.

Energy Factor Measurements

The test conditions and measured energy factors for the
four water heaters manufactured with R-141b, H,O/CO,, and
R-245fa blowing agents are summarized in Tables 4, 5, and 6,
respectively. A series of four to six 24-hour simulated use tests
were conducted for each water heater. The tables include the
average energy factor and standard deviations for the individ-
ual water heaters as well as the average and standard deviation
for each group of four water heaters. The results for the first
day of each test series were not included in the computation of
the average energy factors or the standard deviations. During
the first day the materials used in the water heater’s construc-
tion may not be in thermal equilibrium with the stored water.

Figure 4 Thermal conductivity of polyurethane foams
Versus mean specimen temperature.

This issue is addressed in DOE’s Test Procedures for Residen-
tial Water Heaters (Federal Register 1998) by allowing the
water heater’s thermostats to cycle up to three times before a
test commences.

The average energy factors for the four water heaters
using R-141b as the blowing agent (Table 4) ranged from
0.885 to 0.892 with an average value of 0.887. The largest
standard deviation between test results for a single tank,
19242-12-53-7, was 0.0016, whereas the standard deviation
between tanks was 0.0028.

Table 5 summarizes the test results for the four tanks that
were manufactured using H,O/CO, as the blowing agent. The
average energy factor for each of the water heaters within this
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TABLE 4

Water Heater Energy Factor Measurements, Blowing Agent HCFC-141b

Avg. Ambient Avg. Inlet Temp. | Avg. Outlet Temp. Daily Mass Daily Load
Test Day °C (°F) °C (°F) °C (°F) kg (Ib) kJ (Btn) Energy Factor|
Tank Number: 19242-12-53-7
05/12/98 19.46 (67.03) 14.87 (58.77) 58.54 (137.37) 239.54 (528.09) |{43,706.47 (41,393.80) 0.869
05/13/98 19.47 (67.05) 14.86 (58.75) 58.54 (137.37) 239.88 (528.84) |43,787.55 (41,470.59) 0.887
05/14/98 19.43 (66.97) 14.83 (58.69) 58.51 (137.32) 239.96 (529.02) 143,796.88 (41,479.42) 0.886
05/15/98 19.47 (67.05) 14.83 (58.69) 58.77 (137.79) 239.81 (528.69) |44,032.11 (41,702.21) 0.883
05/16/98 19.49 (67.08) 14.81 (58.66) 58.66 (137.59) 240.18 (529.50) |44,012.96 (41,684.07) 0.887
Averages 19.47 (67.04) 14.83 (58.70) 5862 (1 37.52) 239.96 (529.01) |43,907.38 (41,584.07) 0.886
Std. Dev. 0.02 (0.04) 0.02 (0.03) 0.10 (0.19) 0.14 (0.31) 115.41 (109.30) 0.0016
Tank Number: 19242-12-53-8
05/07/98 19.53 (67.15) 14.83 (58.69) 59.07 (138.33) 239.59 (528.20) [44,288.17 (41,944.72) 0.869
05/08/98 19.50 (67.10) 14.84 (58.71) 58.06 (136.51) 241.27(531.90) |43,581.36 (41,275.31) 0.887
05/09/98 19.50 (67.10) 14.82 (58.68) 57.59 (135.66) 238.82 (526.50) |42,687.30 (40,428.56) 0.884
05/10/98 19.51 (67.12) 14.83 (58.69) 57.39 (135.30) 239.07 (527.05) [42,517.21 (40,267.47) 0.884
Averages 19.50 (67.11) 14.83 (58.69) 57.68 (135.82) 239.72 (528.49) |42,928.62 (40,657.11) 0.885
Std. Dev. 0.00 (0.01) 0.01 (0.01) 0.28 (O.Si) 1.18 2.43) 466.75 (442.05) 0.0014
Tank Number: 19242-12-53-9
05/01/98 19.52 (67.14) 14.84 (58.71) 58.61 (137,50) 242.84 (535.37) |44,406.27 (42,056.57) 0.855
05/02/98 19.45 (67.01) 14.84 (58.71) 57.19 (136.02) 242.38 (534.35) |43,504.82 (41,202.82) 0.886
05/03/98 19.48 (67.06) 14.83 (58.69) 57.43 (135.37) 241.57 (532.57) |43,011.69 (40,735.78) 0.884
05/04/98 19.50 (67.10) 14.85 (58.73) 57.31 (135.16) 241.59 (532.61) |42,868.09 (40,599.78) 0.886
05/05/98 19.46 (67.03) 14.85 (58.73) 57.23 (135.01) 241.10(531.53) |42,708.83 (40,448.95) 0.886
Averages 19.47 (67.05) 14.84 (58.72) 57.44 (135.39) 241.66 (532.76) |43,023.36 (40,746.83) 0.886
Std. Dev. 0.02 (0.03) 0.01 (0.01) 0.21 (0.39) 0.46 (1.01) 297.90 (282.14) 0.0009
Tank Number; 19242-12-135.0053-10
05/19/98 19.45 (67.01) 14.89 (58.80) 58.36 (137.05) 240.35 (529.88) 43,655.99 (41,135.99) 0.873
05/20/98 19.45 (67.01) 14.86 (58.75) 57.22 (135.00) 240.32 (529.81) |42,532.66 (40,282.10) 0.892
05/21/98 19.36 (66.85) 14.86 (58.75) 57.00 (134.60) 24031 (529.79) |42,309.07 (40,070.34) 0.892
05/22/98 19.34 (66.81) 14.86 (58.75) 57.01 (134,;62) 240.48 (530.16) |42,358.89 (40,117.52) 0.891
05/23/98 19.37 (66.87) 14.81 (58.66) 56.99 (134.58) 240.62 (530.47) |42,406.20 (40,162.33) 0.892
05/24/98 19.41 (66.94) 14.80 (58.64) 57.28 (135.10) 240.69 (530.63) (42,722.68 (40,462.06) 0.892
Averages 19.39 (66.89) 14.84 (58.71) 57.10 (134.78) 240.48 (530.17) |42,465.90 (40,218.87) 0.892
Std. Dev. 0.04 (0.07) 0.03 (0.05) 0.12 (0.22) 0.15 (0.34) 148.33 (140.48) 0.0004
Overall energy factor for all 4 tanks: Average = 0.887
Standard Deviation: 0.0028
MN-00-15-1 (4409) 7




TABLE 5

Water Heater Energy Factor Measurements, Blowing Agent H,0/CO,

Avg. Ambient Avg. Inlet Temp. | Avg. Outlet Temp. Daily Mass Daily Load
Test Day °C (°F) °C (°F) °C (°F) kg (Ib) kJ (Btu) Energy Factor
Tank Number: 19242-12-86-67
06/09/98 19.43 (66.97) 14.87 (58.77) 58.80 (137.84) 240.98 (531.26) |44,236.37 (41,895.66) 0.853
06/10/98 19.42 (66.96) 14.88 (58.78) 5843 (137.17) 241.27(531.90) 143,902.22 (41,579.19) 0.876
06/11/98 19.45 (67.01) 14.90 (58.82) 58.54 (137.37) 241.31(531.99) |44,006.82 (41,678.26) 0.868
06/12/98 19.69 (67.44) 14.88 (58.78) 58.36 (137.05) 241.37 (532.12) [43,854.43 (41,533.93) 0.871
06/13/98 19.40 (66.92) 14.87 (58.77) 58.25 (136.85) 241.36(532.10) 143,748.48 (41,433.59) 0.869
Averages|  19.49 (67.08) 14.88 (58.79) 58.40 (137.11) 241.33 (532.03) |43,877.99 (41,556.24) 0.871
Std. Dev. 0.12 (0.21) 0.01 (0.02) 0.11 (0.19) 0.04 (0.09) 92.89 (87.97) 0.0031
Tank Number: 19242-12-86-7
07/14/98 19.88 (67.78) 14.92 (58.86) - 56.70 (134.06) 241.04 (531.40) 142,082.98 (39,856.21) 0.865
07/15/98 19.91 (67.84) 14.93 (58.87) 56.71 (134.08) 240.86 (531.00) 142,051.50 (39,826.40) 0.866
07/16/98 20.20 (68.36) 14.93 (58.87) 56.62 (133.92) 241.30 (531.97) |42,031.90 (39,807.84) 0.868
07/17/98 20.21 (68.38) 14.94 (58.89) 56.45 (133.61) 241.28(531.93) |41,851.73 (39,637.20) 0.867
07/18/98 19.66 (67.39) 14.86 (58.75) 56.36 (133.45) 24131 (531.99) [41,873.75 (39,629.64) 0.867
07/19/98 20.19 (68.34) 14.90 (58.82) 56.54 (133.77) 241.47 (532.34) |42,017.01-(39,793.73) 0.866 ]
Averages|  20.03 (68.06) 14.91 (58.84) 56.54 (133.76) 241.24 (531.85) | 41,959.18 (39,738.96) 0.867
Std. Dev. 0.22 (0.39) 0.03 (0.05) 0.12 (0.22) 0.20 (0.45) 91.68 (88.83) 0.0007
Tank Number: 19242-12-86-8
06/22/98 20.02 (68.04) 15.01 (59.02) 58.52 (137.34) 240.51 (530.23) |43,730.09 (41,416.17) 0.852
06/23/98 20.06 (68.11) 15.05 (59.09) 57.34 (135.21) 243.37(532.12) |42,655.57 (40,398.51) 0.872
06/24/98 20.01 (68.02) 14.97 (58.95) 56.68 (134.02) 241.78 (533.03) 142,140.77 (39,910.95) 0.871
06/25/98 20.23 (68.41) 14.99 (58.98) 56.41 (133.54) 240.76 (530.78) {41,673.02 (39,467.95) 0.873
06/26/98 21.70 (71.06) 15.01 (59.02) 56.51 (133.72) 240.92 (531.13) |41,776.50 (39,565.95) 0.871
06/27/98 20.45 (68.81) 15.04 (59.07) 56.58 (133.84) 241.28 (531.93)" ]41,855.13 (39,668.83) 0.871
Averages|  20.49 (68.88) 15.01 (59.02) 56.70 (134.07) 241.22 (531.80) |42,026.20 (39,802.44) 0.872
Std. Dev. 0.62 (1.12) 0.03 (0.05) 0.33 (0.59) 0.36 (0.79) 351.06 (332.49) 0.0008
Tank Number: 19242-12-86-9
06/30/98 19.97 (67.95) 15.01 (59.02) 57.17 (134.91) 240.51 (530.23) {42,370.41 (40,128.43) 0.850
07/01/98 19.70 (67.46) 14.89 (58.08) 57.17 (134.91) 241.13 (531.60) 42,599.27 (40,345.18) 0.868
07/02/98 19.57 (67.23) 14.86 (58.75) 57.34 (135.21) 241.63 (532.70) |42,893.92 (40,624.24) 0.868 |
07/03/98 19.83 (67.69) 14.86 (58.75) 57.34 (135.21) 241.76 (532.98) 142,917.23 (40,646.32)]  0.867
07/04/98 19.83 (67.69) 14.87 (58.77) 57.20 (134.96) 242.15 (533.84)  |42,840.43 (40,573.58) 0.868
Averages 19.73 (67.52) 14.87 (58.77) §7.26 (135.07) 241.67 (532.78) |42,812.71 (40,547.33) 0.868 |
Std. Dev. 0.11 (0.19) 0.01 (0.02) ‘0.08 0.19) 0.36 (0.80) 126.34 (119.65) 0.0004
Overall energy factor for all 4 tanks: Average = 0.870
Standard Deviation: 0.0021
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TABLE 6

Water Heater Energy Factor Measurements, Blowing Agent HFC-245fa

Avg. Ambient Avg. Inlet Temp. | Avg. Outlet Temp. Daily Mass Daily Load
Test Day °C (°F) °C (°F) °C (°F) kg (Ib) kJ (Btu) Energy Factor
Tank Number: 19242-12-109-12
07/20/98 20.26 (68.47) 14.86 (58.75) 58.52 (137.34) 241.94 (533.38) 44,130.31 (41,795.21) 0.875
07/21/98 20.80 (69.44) 14.93 (58.87) 57.72 (135.90) 241.68 (532.81) |43,208.27 (40,921.96) 0.885
07/22/98 20.48 (68.86) 14.96 (58.93) 7 57.27 (135.09) 241.70 (532.85) [42,733.13 (40,471.96) ”6.884 IIIII
07/23/98 20.28 (68.50) 14.97 (58.95) 56.98 (134.56) 241.57 (532.57) |42,402.63 (40,158.95) ” 0.885
Averages|  20.52 (68.94) 14.95 (58.92) 57.32 (135.18) 241.65 (532.74) | 42,781.34 (40,517.62) 0.885
Std. Dev. 0.21 (0.39) 0.02 (0.03) 0.30 (0.55) 0.06 (0.13) 330.66 (313.17) ‘0.0005
Tank Number: 19242-12-109-8
07/24/98 19.59 (67.26) 15.10(59.18) 56.88 (134.38) 241.11 (531.55) }42,095.77 (39,868.33) 0.867
07/27/98 19.67 (67.41) 14.92 (58.86) 55.83 (132.49) 240.90 (531.09) |41,181.92 (39,002.83) 0.883
07/28/98 19.94 (67.89) 14.95 (58.91) 56.07 (132.93) 241.24 (531.84) |41,460.41 (39,266.59) 0.880
07/29/98 19.96 (67.93) 14.93 (58.87) 56.06 (132.91) 241.45(53230) |[41,496.80 (39,301.05) 0.881
07/30/98 20.07 (68.13) 14.92 (58.86) 55.96 (132.73) 241.44 (532.28) |41,405.61 (39,214.69) 0.881
Averages 19.91 (67.84) 14.93 (58.87) 55.98 (132.76) 241.26 (531.88) |[41,386.19 (39,196.29) 0.881
Std. Dev. 0.15 (0.26) 0.01 (0.02) 0.10 (0.17) 0.22 (0.49) 122.32 (115.85) ~ 0.0011
Tank Number; 19242-12-109-9 H
08/05/98 19.75 (67.55) 14.91 (58.84) 58.08 (136.54) 241.65 (532.74) |43,592.87 (41,286.21) 0.878
08/06/98 19.87 (67.77) 14.94 (58.89) 57.87 (136;17) 241.59 (532.61) |43,344.57 (41,051.05) 0.882
08/07/98 20.23 (68.41) 14.97 (58.95) 57.27 (135.09) 241.36 (532.10) |42,666.41 (40,408.77) 0.885
08/08/98 20.21 (68.38) 14.89 (58.80) 57.21 (134 .98) 241.80 (533.07) [42,751.38 (40,489.28) 0.889
08/09/98 20.37 (68.67) 14.89 (58.80) 57.55 (135.59) 241,97 (533.45) [43,135.43 (40,852.97) 0.886
08/10/98 20.59 (69.06) 15.00 (59.00) 57.55 (135.59) 241.43 (532.26) |42,930.48 (40,658.87) 0.887
Averages|  20.25 (68.46) 14.94 (58.89) 57.49 (135.48) 241.63 (532.70) |42,965.65 (40,692.18) 0.886
Std. Dev. 0.24 (0.42) 0.04 (0.08) 0.24 (0.42) 0.23 (0.50) 248.64 (235.48) 0.0023
Tank Number: 19242-12-109-11
08/11/98 20.39 (68.70) 15.03 (59.05) 56.82 (134.28) 241.48 (532.37) |42,168.79 (39,937.48) 0.865
08/12/98 20.02 (68.04) 14,91 (58.84) 56.22 (133.20) 241.54 (532.50) |41,701.64 (39,495.05) 0.886
08/13/98 20.11 (68.20) 14.89 (58.80) 56.02 (132.84) 241.39 (532.17) |41,489.19(39,293.84) 0.885
08/14/98 20.14 (68.25) 14.88 (58.78) 55.95 (132.71) 241.64 (532.72) |41,470.55(39,276.19) 0.885
08/15/98 20.06 (68.11) 14.84 (58.71) 55.82 (132.48) 241.82 (533.12) |41,414.09 (39,222.72) 0.885
08/16/98 20.25 (68.45) 14.84 (58.71) 55.71 (132.28) 242.00 (533.51) {41,331.71 (39,144.70) 0.885
Averages|  20.12 (68.21) 14.87 (58.77) 55.94 (‘]32.70) 241.68 (532.80) |41,481.44 (39,286.50)]  0.885
Std. Dev. 0.08 (0.14) 0.03 (0.05) 0.17 (0;31) 0.21 (0.47) 122.98 (116.47) 0.0004
Overall energy factor for all 4 tanks: Average = 0.884
Standard Deviation: 0.0018
MN-00-15-1 (4409) 9
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Figure 5 Average energy factor and measurement
uncertainty for water heaters produced using each
Joam blowing agent.

group ranged from 0.867 to 0.872. The largest standard devi-
ation associated with the tests conducted on a single water
heater, 19242-12-86-6, was 0.003 1. The average energy factor
for the four water heaters using H,0/CO, as the blowing agent
is 0.870 with an associated standard deviation of 0.0021.

The test results associated with the third series of water
heaters, manufactured using the R-245fa blowing agent, are
summarized in Table 6. The average energy factor for the four
water heaters tested ranged from 0.881 to 0.886 with an aver-
age energy factor of 0.884. The largest variability in test
results was for water heater 19242-12-109-9, where the energy
factor varied from 0.882 to 0.889, resulting in a standard devi-
ation of 0.0023. The standard deviation associated with the
average energy factor for the four tanks within this group was
0.0018.

The measurement uncertainty associated with the energy
factor measurements were derived in accordance with 1SO
guidelines (ISO 1993). The relative uncertainty (k= 1) for the
energy factor measurements is 0.8%.

Figure 5 shows the average energy factor for each set of
four tanks and the uncertainty associated with each value.
These results show that the average energy factor for water
heaters manufactured using R-141b as the blowing agent was
slightly higher, 0.887 versus 0.884, than the energy factor for
the water heaters that utilized R-245fa as the blowing agent.
The 0.870 average energy factor for the four tanks manufac-
tured using H,0/CO, is 0.017 (1.9%) and 0.014 (1.6%) lower
than the average energy factors measured for the water heat-
ers manufactured using the R-141b and R-245fa blowing
agents, respectively.

The difference between the average emergy factors
measured for water heaters manufactured using blowing
agents R-141b and R-245fa is within the experimental uncer-
tainty. However, the average energy factor for the water heat-
ers manufactured using the H,0/CO, blowing agent is

10

statistically different and is less than the energy factors
obtained using the other two blowing agents.

Overall Heat Loss Area Coefficient Measurements

The overall heat loss area coefficient for each water heater
is given in Table 7. For water heaters manufactured using the
R-141bblowing agent, the average overall heat loss area coef-
ficient is 1.46 W/°C (3.11 Btu/°F-h). The average coefficient
for water heaters manufactured with R-245fa was 1.48 W/°C
(3.14 Btw/°F-h), or 1.3% greater. The average coefficient for
water heaters manufactured with the H,0/CO, blowing agent
is 1.77 W/°C (3.76 Btw/°F-h) or 21% and 20%, respectively,
gteater than the average heat loss coefficient for water heaters
produced using R-141b and R-245fa blowing agents. The rela-
tive uncertainty associated with the overall heat loss area coef-
ficients (4, 5) is 1.2%.

DISCUSSION

It is interesting to note that although the average overall
heat loss area coefficient for water heaters that utilized the
H,0/CO, blowing agent was 21% higher than that for the
tanks that used the R-141b blowing agent, 1.77 W/°C versus
1.46 W/°C, the average energy factor was only 1.9% lower
(0.870 versus 0.887). The following analysis further explores
the relationship between a water heater’s overall heat loss area
coefficient and energy factor.

Assuming that there is no change in the stored energy
during the 24-hour simulated use test, Equation 4 may be rear-
ranged to yield

_ Qhw
Ven = Qhw+Q1. (9)

n,

Furthermore, assuming that the test conditions are at
nominal test conditions (Federal Register 1998), rearrange-
ment of Equation 9 gives the water heater’s energy factor:

EF =

) (10)
1+£l—

Qhw

Expressing the heat loss from the tank as afunction of the
overall heat loss area yields

O;=U4A(T~T). (11)

The relationship between the overall heat loss area coef-
ficient and energy factor can be examined by combining Equa-
tions 10 and 11, yielding

n,
|, VAT T
Qhw

EF =

(12)

Using the values of recovery efficiency, hot water load,
average tank temperature, and ambient temperature specified
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TABLE 7

Overall Heat Loss Area Coefficients

Overall Heat Loss Area Coefficient
Tank Number Blowing Measured Computer-UA Thermal Anomalies— Thermal
Agent U4, Anomalies/Measured
W/°C Btu/°F-h w/eC Btu/°F-h Ww/°C Btu/°F-h %

19242-12-53-7 HCFC-141b 1.39 2.96 0.93 1.98 0.46 0.98 33.0
19242-12-53-8 HCFC-141b 1.55 3.30 0.93 1.98 0.62 132 40.0
19242-12-53-9 HCFC-141b 1.48 3.15 0.93 1.98 0.55 1.17 37.0
19242-12-53-10 | HCFC-141b 1.40 2.98 0.93 1.98 0.47 1.00 34.0

AVERAGE 1.46 in 0.93 1.98 0.53 1.12 36.0
19242-12-86-6 H,0/CO, 1.87 3.98 1.24 2.64 0.63 1.34 34.0
19242-12-86-7 H,0/CO, 1.75 3.73 1.24 2.64 0.51 1.09 29.0
19242-12-86-8 H,0/CO, 1.75 373 1.24 2.64 0.51 1.09 29.0
19242-12-86-9 H,0/CO, 1.69 3.60 1.24 2.64 045 0.96 27.0

AVERAGE 1.77 3.76 1.24 2.64 0.53 1.12 30.0
19242-12-109-12 | HFC-245fa 1.44 3.07 0.92 1.96 0.52 1.11 36.0
19242-12-109-8 | HFC-245fa 1.53 3.26 . 0.92 1.96 0.61 1.30 40.0
19242-12-109-9 | HFC-245fa 1.53 3.26 ) 0.92 1.96 0.61 1.30 40.0
19242-12-109-11 | HFC-245fa 1.40 2.98 0.92 1.96 0.48 1.02 340

AVERAGE 1.48 3.14 0.92 1.96 0.56 1.18 38.0
in the DOE test procedure (Federal Register 1998), as the
overall heat loss area coefficient is doubled from 1.05 W/°C to 1.00 —
2.11 W/°C (2.0 Btw/F to 4.0 Btw/°F-h), the energy factor
decreases from 0.914 to 0.855, or approximately 7%. The 095
functional relationship between the energy factor and overall
heat loss area coefficient shown in Figure 6 may be expressed g ool T
as = \\\

g 0.85 +—
EF=0.979 — 0.067UA + 0.003UA>. (13
Varying the overall heat loss area coefficient, U4, in 080

Equation 13 by 21% results in a 2% variation in the energy
factor. This result is consistent with the experimental measure- 0-751 A - " - A "

ments.

The relationship between the thermal conductivity of the
insulation materials and the overall heat loss area coefficient
was also explored. The overall heat loss area coefficient for a
water heater without thermal anomalies, such as piping pene-
trations, may be expressed as

UA= /L) A, + M/Ly) Ay + AJSL) A, (14)
where
A = thermal conductivity of the insulation, W/m °C
(Btu - in/h - fi2-°F);
L = insulation thickness, m (in.);
A = surface area, m*(ft%);

..b, and ; = location of the insulation material relative to the
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Figure 6 Energy factor versus overall heat-loss area
coefficient.

storage tank as top, bottom, and side.

Using the measured dimensions of the water heater,
assuming a one-inch layer of glass-fiber insulation is located
at the storage tank’s bottom and a two-inch layer of polyure-
thane foam surrounds the remaining area of the storage tank,
the overall heat loss area coefficients were computed (Table 7).

In addition to the heat conducted through the insulation,
the heat loss from the water stored in the water heater is the
result of thermal losses associated with piping penetrations
and thermal shortcircuits that may exist between the storage
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tank and surrounding jacket. Thus, the overall heat loss area
coefficient may be expressed as

UA=UA,;+ U4, (15)
where
U4; = overall heat loss area coefficient associated with the
insulation surrounding the storage tank, W/ C
(Btw/°F-h);
UA,  =heat loss attributed to piping penetrations, thermal

shortcircuits, and variations in the nominal insulation
thickness assumed in Equation 14, W/C (Btw/°F-h).

The values of UA,, Table 7, were computed by subtract-
ing the overall heat loss area coefficient associated with the
insulation, Equation 14, from the measured values. The rela-
tive importance of the thermal losses associated with piping
penetrations and other thermal shortcircuits may be examined
by comparing the computed and measured overall heat loss
area coefficients in Table 7.

The average heat loss attributable to thermal anomalies,
expressed as a percentage of the total, for water heaters manu-
factured using R-141b and R-245fa are essentially the same,
36% and 38% respectively. Thermal anomalies accounted for
only 30% of the heat loss from the water heaters manufactured
with H,0O/CO, as the blowing agent. This finding is consistent
with Equation 15. As the thermal conductivity of the foam
insulating material increases, the overall heat loss area coef-
ficient associated with the insulation, UA4; in Equation 15,
increases, resulting in a lower percentage of the total heat loss
being attributable to thermal anomalies.

Examples of thermal shortcircuits are readily identified
using infrared thermography (Figure 7). This image shows
significant temperature elevations associated with the piping
penetrations, the heating element access covers, and the water
heater’s lower perimeter.

CONCLUSIONS

Figure 7 Infrared image of front (left) and top (right) of residential electric water heater.

12

Polyurethane foams were manufactured using three
blowing agents, R-141b, H,0/CO,, and R-245fa. The foams
were produced in block form for thermal conductivity
measurements and as insulation used in the construction of
residential electric water heaters. The thermal conductivity of
the foam specimens was measured using a one-meter guarded
hot plate apparatus at three mean temperatures by maintaining
the cold plate at 19.7°C (67.5°F) and operating the hot plate at
nominal temperatures of 51.7°C (125°F), 57.2°C (135°F), and
62.8°C (145°F). The thermal conductivity of the polyurethane
foam specimens produced using R-141b, the blowing agent
currently used by water heater manufacturers, at a mean
temperature of 34.3°C (66.3°F), is 0.0221 W/m-K. At identical
measurement conditions, the thermal conductivity of the spec-
imens produced using R-245fa and H,O/CO, were measured
to be 0.0214 W/m'K and 0.0314 W/m'K, respectively. The
thermal conductivity of the foam specimens increased linearly
with the specimen’s mean temperature.

Three sets of four water heaters were insulated with each
of the three polyurethane insulation materials. The energy
factor and overall heat loss area coefficient were measured for
each of the 12 water heaters. The 24-hour simulated use test,
used to determine the energy factor, was repeated up to seven
times for an individual water heater to access the test proce-
dure’s repeatability. The average energy factor for the four
water heaters manufactured with the blowing agent R-141b
was 0.887. Use of the R-245fa blowing agent resulted in an
average energy factor of 0.884, Water heaters insulated with
H,0/CO, based polyurethane foam resulted in an average
energy factor of 0.870. The uncertainty associated with the
energy factor measurements is 0.007.

The overall heat loss area coefficient quantifies the
thermal integrity of a water heater. It includes heat loss
through the insulation surrounding the storage tank as well
as heat conducted through piping penetrations and other
thermal shunts. Tests were conducted on each of the water
heaters to measure its overall heat loss ared coefficient. The
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average overall heat loss area coefficients for the four water
heaters manufactured using R-141b, R-245fa, and H,0/CO,
blown polyurethane foams are, respectively, 1.46 W/ C
(3.11 Btw/F-h), 1.48 W/°C (3.14 Bw/°F-h), and 1.77 W/°C
(3.76 Btw/°F-h). The measurement uncertainty associated
with the overall heat loss coefficient measurements is 0.02
W/°C (0.03 Btw/°F-h). Calculations determined the fraction
of the total heat loss attributed to the piping penetrations
and thermal shunts, which was approximately 38%. The
fraction of heat loss through the thermal insulation is
approximately 62%. Infrared images of the water heaters
revealed significant heat losses around the bottom perime-
ter of the storage tank, the heating element access covers,
and the piping penetrations.

ACKNOWLEDGEMENTS

This work was supported by the Department of Energy’s
Office of Energy Efficiency and Renewable Energy under the
guidance of Terry Logee. The efforts of Scott Freeman at
Pacific Northwest Laboratories to procure the residential
water heaters and coordinate the foaming and shipment of the
water heaters is gratefully acknowledged. The authors would
like to thank Michael Krupa of the BASF Corporation for
foaming the tanks in a timely manner. Finally, the authors
would like to express their gratitude to the NIST staff members
who provided project assistance: Stanley T. Morehouse for
constructing the facilities used to evaluate the residential
water heaters; Paul Embree for conducting the thermal
conductivity measurements; Keith Eberhardt for guidance on
computing the measurement uncertainties associated with the
water heater test resulits; and Paula Svincek for manuscript
preparation.

REFERENCES

Albouy, A., J.D. Roux, D. Mouton, and J. Wu. 1997. A status
report on the development of HFC blowing agent for
rigid polyurethane foams. Polyurethanes World Confer-
ence 1997, pp. 514-523.

MN-00-15-1 (4409)

ASTM C 177. 1997. Standard test method for steady-state
heat flux measurements and thermal transmission prop-
ertiecs by means of the guarded-hot-plate apparatus.
Annual Book of ASTM Standards, vol. 04.06.

Code of Federal Regulations, Part 430 Subpart C - Energy
Conservation Standards, Section 430.32, January 1,
1998.

Fanney, A H. 1990. The measured performance of residen-
tial water heaters using existing and proposed Depart-
ment of Energy test procedures. ASHRAE Transactions
96 (1): 288-295.

Fanney, A.H., and B.P. Dougherty. 1996. The thermal perfor-
mance of residential electric water heaters subjected to
various off-peak schedules. ASME Journal of Solar
Energy Engineering, May, vol. 118, pp. 73-80.

Federal Register. 1998. May 11, vol. 63, no. 90, pp. 25996-
26016.

1SO. 1993. Guide to the expression of uncertainty in mea-
surement. Geneva: International Organization for Stan-
dardization.

Logsdon, P.B., R.C. Parker, and D.J. Williams. 1997. HFC-
245fa as a blowing agent for the appliance industry.
Polyurethanes World Congress ‘97, Sept. 1997, pp. 468-
473,

Powell, FJ., and B.G. Rennex. 1983. The NBS line-heat-
source guarded hot plate for thick materials. Thermal
Performance of the Exterior Envelopes of Buildings II,
Atlanta: American Society of Heating, Refrigerating,
and Air-Conditioning Engineers, pp. 657-672.

Taylor, B.N., and C.E. Kuyatt. 1994. Guidelines for evaluat-
ing and expressing the uncertainty of NIST measure-
ment results. NIST Technical Note 1297.

Zart, R R., and M.H. Hahn. 1995. Line heat source guarded
hot plate apparatus. Adjunct ASTM Practice C 1043,
Annual Book of ASTM Standards, vol. 04.06.

Zarr, R.R. 1997, Glass Fiberboard, SRM 1450c, for thermal
resistance from 280 K to 340 K. NIST Special Publica-
tion 260-130.

13



